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Interactions:

simple complicated

V.
v, =U

unitary matrix ?
complicated simple

V,

e

, masses ?
Propagation:

Stephen Parke Nu Seminar / Fermilab 3/7/2019 2



het

Neutrino Flavor or Interaction States:

W+ — etu, W+ — phy, W+t — 77u,

Ve Vi Vr

provided L/E < 0.5 km/MeV = 500 km/GeV !

~ 1 picosecond in Neutrino rest frame !l
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Neutrino Mass EigenStates or Propagation
States: (mg L)
—1 J

2Ey

Propagator v; — v, = 0jk €

1 V9 Vs
ve= @

Am35, ~ 7.5 X 107° eV?

|Am3s, | = |AmZ,| ~ 2.5 X 107° eV?
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# Neutrino Mass EigenStates or Propagation ),
States:

V1 V9 V3
most 1/, least v,

T

e T

o 0
5,623 5,623 23

ve = @@ Vi = @ vr = @

Solar Exp, SNO SuperkK, K2K, T2K Unitarity
KamiLAND MINOS, NOVA SK, Opera
Daya Bay, RENO, ... ICECUBE ICECUBE ?
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1, V2 Mass Ordering:
—solar mass ordering
mass
\5,023/ \51623/
|Am2, | = |m2 —m3| =7.5 Xx107%eV?  L/E =15km/MeV = 15,000 km/GeV

SNO Mo > M

ve = @ v = @ v = @
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V3, 1/1/1/2 Mass Ordering: 0
—atmospheric mass ordering
V2
Mass y ,
1 : 1
52; S111 (912 ~ 3
\6,923/ SiIl2 (923 ~ %

SiIl2 (913 ~ (.02

0 <90 <27

-

.

_

51023 | 523
|Am2,| = |m2 — m?| = 2.5 x 1073 e¢V? L/E = 0.5 km/MeV = 500 km/GeV
Unknown: NOvA, JUNO, ICECUBE, DUNE, T2HKK....

ve = @@ Vi = @ v = @
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quarks
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Unitarity NOT assumed
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Unitarity 7?

Normalisations

9 T I T I T T 30
Rows ,
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6k Columns
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6 row/column plus 6 triangle conditions

2 row and 1 triangle, independent of v
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Ams, v sin” 015 consistency ?
14
B LR | R | R | LR | K
" sin’d, , = 0.0224 A %NOB
12 :— ND ’A“ ] |
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2
Why do we care about Amz 1
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CPViolation:

At oscillation maximum in vacuum:

_ _ Am?
P, - ve)— Py, = ve) = mJ (Améi)

where ] is Jarlskog Invariant (1985):

J = sin 2015 sin 26013 cos 013 sin 2053 sind =~ 0.3sin o

’-~
-‘

S ey
—
—
“
N
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T2K

T2K Run1-9c Preliminary

— sin” 0,, = 0.50,0.45,0.55
— Am?, =2.44x10" eV?/c*
-~ Amj; = 2.41x10” eVZ/c* , .,
O Op=m ; \ A
B S, =+/2 “ a
O 0,=0
® O.,=-m2

: syst err

: stat + syst err

v Data

.......
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> v

P

Stephen Parke

—_

o
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2
How do we measure A m 2 1
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KamLAND:

Reactors near the KamLAND

Il\\ Llll '

L l'h T

| g1 b
1/l g

-
6
5 &
4
3 |
2
1
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__Lu_.ul N | l..-. .¢_-51O

0 50 1001502002503(30350400450500
e Destance (km)

80% of total contnbution comes from

130~220km distance

=P effective distance ~180km

Reactor neutrino flux. ~ 6 x 10°/cm?*/sec

~95.5% from Japan

(2nd result period)
~3% from Korea ‘

Reactors in Taiwan have
~0.1% contribution.
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0.8

0.6

04

Survival Probability

0.2

Stephen Parke

KamLAND:

++F B Vacuum:
J averaged osc
~Y 68% 741
| — 3-v best-fit oscillation —— Data - BG - Geo ¥, ™~ 30% V2
IS 2-v best-fit oscillation ~ 2% Vs
|||||||||||||||||||||||||||||||||||||||||||||||
20 30 40 50 60 70 80 90 100 110
Ly/E; (km/MeV)
2 0.20 —5 2
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SuperK

V) +-€ — U+ ¢
Which type of Neutrino dominates this image ?
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Solar Neutrinos:

9 1

n

<« 0.9— .

= Borexino

8 0.85—

Ho0.7F

S F

0.6

- PTTTITIIITII IANT I T

§o.55

8 0 4E

Q v-3
Vacuum: 4 F
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- [
averaged oscg 0.2F-
~68% 1 o : MSW:
N30%V2 0:| | I I |§|||||| l )
Y 2% I/g +0 ! Neutr:ino Ener]g"g [MeV] > 90% V2

matter effect

E, = (#)Am?2, cos 2012/ (cos?® 0,32v/2GrN,)

Large Am3, implies large E,, at transition between Vac. and Matter dominated
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Lack of observation of upturn at low E

]
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day

v

D/N asymmetry

night

0.5 | S X107 6in2(@,)=0.312:9%8  AmZ,=(7.54319) 10°6V?  $in?(®,,)=0.0242+0.0026 o
I “C’ 18 ,s!nz(®12):0.311¢0.014 Am§1:(4.85+_5;§9)10:2evz |
17 | sin“(©,,)=0.308+0.013 Am3,=(7.50%313) 10°eV
= 0481 - e i £ 1&5
2 14
= I — 13
» 046 e |
g HLE 4 W %
= I - 1 9 N\
% 0.44 - i | ' . 8 =
8 : P ' 6 | T T e
T 1 : 5 e o o e T Y S ——
wf || EL | SKsNo -t =
_ > —
| . KamLAND
04 z %gq - 0 "l' 1 0.1 0.2 0.3 0.4 0.5
Qs cosé, sin”(6)
Phys. Rev. D94, 052010 (2016)
(D—N)/(D+ N) = (# )(cos?0,32v/2GrN®)/Am?Z, cos 2601,
Smaller Am?2, implies large D/N Asym.
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* Tension between KamLAND and SNO/SK 0
Nu-fit
e L R L I
"~ sin°e, , = 0.0221 i
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JE 7 KamLAND
2 s S Am2, = 7.507920 % 107 &V2,
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Counts / 2 MeV / 345.3 days

de Holanda + Smirnov
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ee
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I

Steriles

— - no sterile

sin20=1x10"

— §in2a=5x10"

Stephen Parke

Energy (MeV)

1012.5627

Nu Seminar / Fermilab
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Figure 12: Prediction for B—neutrino spectrum at Borexino versus with experimental data
[16]. The neutrino parameters and solar model are the same as in fig. 8.
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FIG. 2. The solar neutrino convertion probabilities with (a)
the vector and (b) the scalar NSIs, together with the Borexino
measurement [39] of the pp, "Be, and pep fluxes.
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JUNO
circa 2025
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JUNO

d L\\

Shen Zhen y

N\

3% & DEVER:EY
Ol\ | | iion I.NPP f
- Hong Kong

.....

LS Detectors Daya Bay ‘ Borexino ‘KamLAND‘ JUNO

TargetMass | 20tx8 | 300t | 1kt | 20kt
-~ Top muon veto
o Outer water tank Scintillator panels
Muon Cherenkov veto \/
Steel support structure 2. T - Similar in concept
optical separation | | , "r \’\;\ i = : to previous LS
f \ \ 5l W NF /\ AN experiments, but
. A ,__BQ—,_-/\J STV ARSRT I AN . . ’
17,000 20-inch PMTs N -7 7
25,000 3-inch PMTs . 2 \/\ A/&%\)\/\V./ 2] }' J much LARGER
\
Water buffer Z ) /\/ \7\/\/’%(‘,—\

In fact, JUNO will
be the largest
liquid scintillator
(LS) detector so
far in history!

Acrylic sphere
diameter: 35.4m

Liquid scintillator
20 kt of LAB
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JUNO precision ~2025

sin” 012, Am3, and |Am?Z |

Nominal | + B2B (1%) | + BG | + EL (1%) | + NL (1%)
O S(y sin? 1o (10.54% 0.60% 0.62% | 0.64% 0.67%
. O Ams;  []0.24% 0.27% 0.29% | 0.44% 0.59%
IAm?2,| 10.27% 0.31% 0.31% | 0.35% 0.44%

Table 3-2:  Precision of sin® f15, Am32, and |Am?2,| from the nominal setup to those including
additional systematic uncertainties. The systematics are added one by one from left to right.

Stephen Parke

Am?_(NPZ) = cos® 010Am3, + sin® 012Am3,

Nu Seminar / Fermilab
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Matter Effects in JUNO

v

Li,Wang, Xing 1605.00900

Matter Input/Matter Fit

34.5

. Bl -] |
2
34.0 | 3o -
~~
n
o s ]
o
ke
N
<)
330 }
32345 ' 7;30 ' 7;35
L/E (km/MeV) | | |

Ax (107° eV?)

7.60

Matter |

0., (degrees)

34.5

nput/Vacuum Fit

34.0 -

W
w
o

33.0 |

32.5

Bl | |

— B
30 -

*

7.45

7.50 l 7.55 l 7.60
A2 (107 eV?)

Shift 1o in Am%l and 30 In (912

Size of shift unexplained in 1605.00900:

Khan, Nunokawa, SP upcoming 1810.77 or 1811.77
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v

REACTOR NEUTRINOS:

kinematic phase:

Am?, L
— ]

4F
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L. 2

o AmgjL

REACTOR NEUTRINOS: Aij = 45

v_ Disappearance
| |IIIIII| | |IIIIII| | |IIIIII

Daya Bay 100 = Oyg AH | sin®26,

RENO
D-Chooz . o7

Y

012

| KamLAND

x° 050

cos 20, sin? 2045
{ 1 ] ~o0.4sin226,

0.25

JUNO

O'OO ||||||||| l |||||||| ||||||||
01 03 10 30 100 300 100.0

L/E (km/MeV)
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Stephen Parke
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L. 2

=
RENO 2200 days g3
S —— * % 3—
K E @2 I
Lijogs /‘/:: 5‘32'5:_
B ¢ Far Data ] g i
09— ¢ Near Data _ _— _
- — Prediction from near data : 2r
0 02 T e s o o
L. /E, (km/MeV) 0
What is
Daya Bay 1958 days
T
5 1h }
s ! t
g 0.95; ++ +‘!“\> {
e 09 4 6 8 0 12

— Rate+Spectrum
- - Rate-only

e Rate+Spectrum
+ Rate-only

[199.7% C.L.
[ 95.5% C.L.
I 68.3% C.L.

Stephen Parke

AXZ

2 4 6 8 10

[x10° eV

2
ee

Am
)
=Y

2.3}

~3%
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Survival Probability:

Pee =1— COS4 (913 SiIl2 2(912 SiIl2 Agl

— Sil’l2 2(913((3082 912 SiIl2 Agl SiIl2 (912 SiIl2 Agg)

Y 2 1 2
~ 1 — (cos” f13 sin 2015 Aoy ) sin Aoy & Aoy as Ag; < /6

— SiIl2 2(913 SiIl2 Aee
SiIl2 Aee ~ COS2 (912 SiIl2 Agl —+ SiIl2 (912 SiIl2 Agg
2
What makes a good Am?Z_ ?

e good approx. for L/E < 1 km/MeV

e Simply related to Am2, and AmZ,

e Independent of L/E or “proper age” of the neutrino
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“Amge Smorgasbord " 0

Am? (NPZ) = cos® 010Am3, + sin? 012Am3,
— Am§1 — sin? «912Am§1 — Am§2 + cos? 912Am31

104 “ve average of Am%, and Am3,” hep-ph/0503283

Amge(DBl) — (45) arcsin \/COS2 615 sin® Azq + sin® #15 sin? Am%Q

exact 1310.6732, 1505.03456v |

2k
Am?, (DB2) = Ami, + < 7 ) arctan <
10+

sin 2A21
cos 2A1 + tan® 015

1505.03456v2,1809.0226 |

2
2 _ : 2 1 9 o [(Am
Amee(SP) = \/C082 912(Am§1)2 + sin? 912(Am§2)2 ~ Amee(NPZ) {1 + 5°12¢12 (A %1> }
mge

104 1601.07464
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2 V)

Am .(DB1) = (TE) arcsin \/(1052 615 sin? A3q + sin? @15 sin” Am%Q

2K sin 2A
Am? (DB2) = Ami,+ | — ) arctan 2! 5
L cos 2Ag; + tan® 019
. ey . . 2
dm* definitions Ratio of Am® s
2.55 1T | T | — T | T | T T T T 1.02 1 ||||||| 1 ||||||| I |.||||||| 1
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B : - 7 —~ - 2 2 O\
250 : e SR = Amgy/Ame(NPZ) |
N> ém?3,=2.48 - ~ =
) \.6 n
- P N o n
7 | Omg s I o
= 245 2 Jd jooob——m—————— e —
~— | 5mEE ~~ =
. _ Q@
E 7 . . & |
- 0m2,=2.40 : : - N8 u
2.40 . . 0.99 — - - - - - - - — — =
- Osc: Min Osc'Max - g - Amgl/Amge(NPZ)
<—— experimentai data— —> 7 - L -
B | | | | |Parke 2015 N : : _
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Stephen Parke

Can Short Baseline Reactor Neutrinos
say anything about

2
Ams,

S.H. Seo and SP arXiv:1808.09150

Nu Seminar / Fermilab 3/7/2019
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A":Am?jL
ij = T 4E
Peezl_PliB_PlZ
P13 — SiIl2 2(913 SiIl2 Aee (<0.1)

S
||

(6082 (913 sin 2601 A21)2 (<0.0l)

P - { P

0.98
0.96
0.94
0.92

L/E (km/MeV)
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P

1.00

Dependence on Solar Parameters:

0.95-

0.90 -

P12

$1X 4

" 3%

KamLAND value

0.2 0.4 0.6 0.8 1.0

L/E (km/MeV)

Pis ~ 0.08 sin? (g (

ved)

L/E ’ Ams3, ’
P> =~ 0.002
12 <Q5km/M€V> <75><urﬁev2>

If Am?2, is 3 times bigger, Pj5 is 9 times larger |

Stephen Parke
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3000 days, Stat Only
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sSin~26 4

3000 days, Sys + Stat
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Daya Bay

KamILAND 1o

SNO/SK 1o
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.2
sSin”“20 5

0.02 0.04 0.06 0.08 0.10 0.12 0.14 O0.16

L/E ~ 0.5 km/MeV compared to KamLAND L/E ~ 50 km/MeV
T2K is at 0.5 km/MeV
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1607.01 174
404 days

Stephen Parke

Daya Bay ¢
Sterile Neutrino Search

~ 1 — sin® 2014 sin? A4q — sin? 26,3 sin® Asy.

>
2,
C\E; 10_1 = —_
<
107 E
10° — — - Daya Bay 95% C.L. =
- —— Daya Bay 95% CL N
- —— Daya Bay 95% expected (+x10) N 3
. ---.Bugey 90% C.L. ><
10-4 | | IIIIII| | | IIIIII| 1111
10° 107 10

1
. 2
sin 2614

KamLAND value

Reinterpretation !
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JUNO and the Mass Ordering:
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perfect resolution, not 3%/+/E/1 MeV
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4 Sensations of To
L. Q)

P:,;(De — De) = 1 — COS4 (913 SiIl2 2(912 sin2 Agl

1
-5 sin? 205 <1 — /1 —sin? 20,5 sin® Ay, cos Q)

with Q = (Asz; + Ase) + arctan(cos 2615 tan Agy).

Hermann HeImBoltz

Q = 2A|+ 0 1875

0 ) .
Am?, = 9(L/2E) L = cos® 01oAms, + sin® 015 Amsz,
¢ = {arctan(cos26iotan Agy) — Agq cos 2615}

NO phase advance
|O phase retardation

¢<A21 + 7'(') = ¢(A21) + 27 sin2 (912,
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() = (A31 4+ Azo) 4 arctan (cos 2051 tan Ay;) NPZ

= 2A.. + arctan (cos 2615 tan Agq) — Agq cos 26012

Sin 2A21
— 2A35 + arctan DB
52 (COS 2A51 + tan? 912>

in 2A
— 2A37; — arctan ( P25 )

cos 2A91 + cot? 019
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1.04

1.00

E,(reconst)/E (true)

0.96 —

(NO, 00, 10) given by n=(1, 0, -1)

Neutrino Energy Reconstruction

Energy Linearity

1.02

0.98

- NO => 00 -
_/-\ ........................
I ——
- 1O => 00

1 +0.9%

1 —0.5%

0 (Am2,)) ~ 0.5%

Stephen Parke

RENO

Positron Energy Response Model
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.......... Cross-validation
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* Energy Resolution to 3% or lower at 1 MeV

e Linearity to sub 1% precision for the
reconstructed neutrino energy

KamLAND JUNO RENO-50
LS mass ~1 kt 20 kt 18 kt 20 x
Energy Resolution 6%/ ~3%/ ~3%/
Light yield 250 p.e./MeV | 1200 p.e./MeV | >1000 p.e./MeV 4 X
Linearity 1.9% < 0.5% < 0.5% >4 X
RESOLUTION LINEARITY
3% | 0.3%
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Stephen Parke

Matter Effects:
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Neutrino Propagation in Matter:

d ve
1V = Hu v=| v,
dx L
_
| 0 0 0 a(z) 00
H=_—-qU|0Am3 0 U+ 0 00
0 0 AmZ 0 00

Y, B
0 = 2V2GrN.E ~ 1.52 x 10~* P eV2.
g.cm™3 GeV

if pY, = 1.5 g/cm® and E = 10 GeV then a ~ Am3,

E =300 MeV then a ~ Ams3,
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D=diagonal OD= off-diagonal

N QO

> a

1! level crossing !!!

Neutrino Evolution in Matter (conti):
U§3(923, 0) HUsz3(623,0) = Hp + Hop
a4+ s93Am?, ]
(2E) Hp = (cfy — s12)Am3,
I 2 Am?,
Am?, = cos?012Am2, + sin? 01,Am2,
_ .
(2E) HOD/Amie — S13C13 0
1
/-I- Amgl _ | 1 ) _
0.15 18 ot |\ Az 0

/
0.015

— S13 S12C12 (

/

0.002

Am21

Am?

2
ee

Stephen Parke
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P,(Ve > ve) =1 — sin? 2615 <

2
) sin?

AN

A

2
Am?Z,

Am?,_,

AN

Aee Y

e = Am2,.L/(4F)

N
Am266 ~ Am?_ 1/ (cos 2013 — a/Am2,)? + sin” 20,3 ,

0.12
L -= 20
~ 0.10} D
T — 0
ﬁ‘) _— 2 ,
— 0.08F — 99 / \\
S | \
|
— 0.06 \
N— [/
&\ \ y
/\ \ Il
) O 004- W [/
ol o ‘, \ /
< S E /_l ’I
q14 0.02 / /
A e / \\ [/
!’I Nt
0.00L& l s '
0 /2 T 37/2

Denton, SP 1808.09453

Stephen Parke

21

v
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In Matter: 7

J ~
S@ Satm 7

two, two flavor resonance factors:

Se = \/(cos 2012 — c25a/Am3,)? + sin® 2015,

I 2 or | % effects !

Satm = \/(COS 2013 — a/Am2,)2 4 sin® 203 . Denton & SP
1902.07185

fractional difference: sin® 013< N ) cos 26012 ~ 0.04%
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Summary: ¢

Observation of Solar Neutrinos and Reactor Neutrinos have
taught us a great deal the electron row of the PMNS matrix,
about U_ei and Delta m”2 &.

the concept of an effective Delta m”"2, Delta m”2_ee, is
useful for the shape analysis of reactor neutrinos.

2 2 2
AmZ,_ is v, average of Am3s; and Ams3,

Short baseline reactor experiments can constrain (maybe
measure) Delta m”~2_21 at twice the KamLAND value.

the generalization of Delta m”2_ee into matter, is useful for
understanding neutrino oscillations in matter for DUNE and
T 2HK(K)

Amie\/(cos 20,3 — a/Am2_)2 + sin” 20,3
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* Ernest Rutherford, master of ¢
simplicity
By Ashutosh Jogalekar | August 30,2013 | 6

"theorists play games with their symbols while

we discover truths about the universe". And yet

r sinB ‘ 2 y 20 .
5 =17’ ki (1+c039)
. KE )] \1—-cos@

Thomion & Rex

Ernest Rutherford, emperor of the atomic he had an eye for theoretical talent that allowed

domain (Image: Wikipedia Commons)

him to nurture Niels Bohr, as dyed-in-the-wool a
theoretician and philosopher as you could find.
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Neutrino Crossword

\j .
\\ Neutrino Puzzle

ANEEEEEEEEN

HEE B
H dSNEEEENEEEN

“'\

1\ npc.fnal.gov /question/

Across

1 When Potassium 40 decays does it emit
neutrinos or antineutrinos ?

3 In 1966 a popular book on neutrinos was
written by

5 How many neutrinos, in log base 10, does the
Sun emit per second ?

7 What important effect did Wolfenstein
discover in 1978 ?

9 What percentage of the energy from a
Supernova is released in neutrinos ?

10 Neutrinos from Decay of this element have
been observed

11 Solar Neutrino Unit

13 Why are neutrino nucleon cross sections so
challenging to calculate ?

19 Neutrino Propagation states

21 What distinguishes a neutrino from and
antineutrino ?

22 Little neutral one

23 What happens to oscillation length if Planck's
constant goes to zero ?

24 If neutrinos are Majorana which number
symmetry is violated ?

' Neutrino Question - Neutrino Physics Center

Stephen Parke

Down

2 Quantum mechanical interference of the mass
eigenstate leads to ...

3 What do reactors emit ?

4 Why Pauli did not go to the scientific meeting
where his invention of the neutrino was
announced ?

6 When crossing a high energy neutrino beam is
it better to cross in front or behind a concrete
wall ?

8 Powers Nuclear Reactors

12 Who gave the SuperK atmospheric neutrino
talk at Neutrino 1998

14 Why is |U_e1|A2 larger than |U_e2|A2 or
|U_e3|72 ?

15 The Argon in earth's atmosphere comes from
decay of which element ?

16 Which experiment "nailed" the solar neutrino
anomaly ?

17 The invariant that controls the size of CP
violation was invented/discovered by this
woman physicist

18 Neutrino Interaction States

20 Zombie neutrinos

2= Fermilab
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Neutrino Question:

You receive an email from a high school
student taking Advanced Placement
Physics, asking:

"Why are you studying Neutrinos?"
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Trevor Nichols

The purest answer to why we study neutrinos is simply that we are curious. Neutrinos
are the most abundant of the fundamental particles, yet we know the least about
them. Beyond simple curiosity, neutrinos are useful, not so much for what they can do
themselves, but for what they can tell us about other things.

Neutrinos provide a new lens through which to view the universe. Black holes are not
detectable using visible light. They do not emit any. Yet, when we look at the universe
using X-rays, we can now see swirling accretion discs, indicating the presence of black
holes. Similarly, neutrinos provide visibility to that which we previously could not see.

Neutrinos are created in nuclear reactions, which are abundant in the cores of stars.
Unlike photons, neutrinos can escape a star (or any other object) unaltered by the
material they must pass through to escape. Upon detection, neutrinos reveal
information about the originating reaction.
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extras
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e Labeling massive neutrinos:

Neutrino Mass Squared

NORMAL

Summary:

\Zd

. Cos 0 =
sin® 6, kind4 1

. ‘_1
| 1
I

kingd 1

SiIl2 923 1
31 I

. -1
sin’ 013

INVERTED

CPT = invariant 6 « —¢

SiIl2 (912 Bt

SiIl2 (923 ~

|Am3, | = |m35 — m2| = 7.5 X 107° eV?

|Am2, | = |m2 — m?| = 2.5 x 1073 eV?

Stephen Parke

Fractional Flavor Content varying cos ¢

|I-—]ell2 > |I-']e2|2 > |Ue3|:

1
3
1

2

SiIl2 (913 ~ (.02

0<90< 27

L/E =15 km/MeV = 15,000 km/GeV

L/E = 0.5 km/MeV = 500 km/GeV
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How Does Daya Bay Define AmZ. . ?

arXiv:1310.6732

v; and v;. Since Am%1<<‘Am§1‘%‘Am§2‘ [1], the short-
distance (~km) reactor 7. oscillation is due primarily to the
Aj; terms and naturally leads to the definition of the effec-
tive mass-squared difference sin? A, = cos? 015 sin® Ag; +

SiIl2 (912 sin2 Agg [1 1]

~

1505.03456v1

[8] SiIl2 Aee\ — | (3082 (912 SiIl2 A31 -+ Sin2 (912 Sin2 Agg, where
Aj; = 1.267TAm3;(eV?)[L(m)/E(MeV)], and Am?; is the
difference between the mass-squares of the mass eigenstates v;
and v;.
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* Mixings and Masses in Matter:
Oth Order: A3, 0 unchanged

NO: Am?'s in Matter

0.006 o NO: m®'s in Matter . NO: Mixing Angles in Matter 0-006 E
: o.oosi
0.004 F =
= ~  0.004F
& 0.002F % -
> - E\?D > 0003
N : = 3= i
25 0.000F w < o002k
—0.002f 0.001

; 0’000 EI'I1‘f|'!"|‘!‘| o O o o Ol | I o | I'!'lli'fI'—ArIII'}ﬂgll'lﬂ I'!'II‘!'I"!':'

—0.004 - —-20 -10 0 10 20 30

20 E, (GeV)
for 10 figures see 1604.08167 A 2 A 2
m=31, 2 1~21
After 2 ions:
er 4 rotations: _
S19 = sin 69, etc
s Am2 _§12
2 . ~
(ZE) HOD/Amee = Sln(elg — 913) S12C12 ( §1> [ C192
Am2, ~ ~
T —S812  C12
sin(f13 — 013) ~ s13¢13 (ﬁ) _
e 4 X 10 4 for E =2 GeV and p =3 g.cm™3

Zero in vacuum
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